Natural organic substances are involved in many aspects of the cultural heritage field. Their presence in different forms (raw, heated, mixed), with various conservation states, constitutes a real challenge regarding their recognition and discrimination. Their characterization usually involves the use of separative techniques which imply destructive sampling and specific analytical preparations. Here we propose a non destructive approach using FT-Raman and infrared spectroscopies for the identification and differentiation of natural organic substances. Because of their related functional groups, they usually present similar vibrational signatures. Nevertheless the use of appropriate signal treatment and statistical analysis was successfully carried out to overcome this limitation, then proposing new objective discriminating methodology to identify these substances. Spectral decomposition calculations were performed on the CH stretching region of a large set of reference materials such as resins, oils, animal glues, and gums. Multivariate analyses (Principal Component Analyses) were then performed on the fitting parameters, and new discriminating criteria were established. A set of previously characterized archeological resins, with different surface aspects or alteration states, was analyzed using the same methodology. These testing samples validate the efficiency of our discriminating criteria established on the reference corpus. Moreover, we proved that some alteration or ageing of organic materials is not an issue to their recognition.
Introduction
The chemical characterization of natural organic substances is a challenging and significant task in the cultural heritage field. Indeed, these substances are involved in many aspects of ancient societies, including diet, medicine, funerary rituals, artistic works, economic and technical activities.
Studying the chemistry of these materials is the only way to get information about their exact nature and their origin, but also to identify their degradation mechanisms in order to preserve them, or to get information about their original state.
The diversity of their biological origins, the complexity of their composition, their poor conservation state (for the oldest), consequently offer many analytical challenges. The usually developed approaches are based on separative methods (liquid or gas chromatography) often coupled to mass spectrometry (MS) [1] [2] [3] . Nevertheless, these methods imply a destructive sampling and a wise and reasoned choice of analytical and/or pre-treatment conditions which depend on the analyte (sample extraction and derivatisation, column, injector, step of pyrolysis, etc.) [4, 5] .
In order to preserve the objects and samples, alternative non destructive methods can be considered such as Raman and infrared spectroscopies. They are complementary methods as they both provide the vibrational signatures of the analyzed material and thus may discriminate the organic natural media [6] [7] [8] [9] [10] . They are particularly suited for the structural characterization of the polymer network structures, and have the advantage of being rapid and often without specific sample preparation. Moreover, they are pertinent techniques that enable the simultaneous investigation of the organic and mineral parts in a same sample (for example pigments added in furniture or music instruments varnishes) and that provide spatially resolved information and an access to imaging in the micrometer range [10] [11] [12] . Current improvements in Raman and infrared instrumentation supply high sensitivity devices, accessories dedicated to various types of sample, accomplished micro-analysis, and portable instruments which allow on-site analysis directly on the artefacts [13] [14] [15] .
Some of the existing studies present rather broad library of Raman or infrared spectra of natural organic substances such as binders or varnish materials [6, 7] , or fresh plant substances [16] , or even biological and pharmaceutical compounds [17] [18] [19] . Other studies present particular tools to distinguish between some organic compounds using simple criteria, such as bands presence and absence, or band shifts [20] [21] [22] . However, these approaches are limited by the similarity between all these natural substances' spectra, or by the spectra evolution due to the alteration processes of such materials. But nearly all other published works are specific case studies of one or two substances that were found on a piece of art or archeological artifacts, and do not present an important amount of media, or any specific methodological development for indentifying them [23] [24] [25] [26] [27] [28] [29] [30] . Moreover, these studies deal with only one of the two presented vibrational spectroscopies.
In this study, a specific methodology for data processing was developed, which makes the combination of vibrational spectroscopies an easy and accurate technique for the objective recognition and the differentiation of a large amount of natural organic substances. These substances are, in their raw form, hardly identified and differentiated, and even harder if they are processed or in a mixture. Our corpus of reference samples is defined by four different chemical families with various origins: some exude from trees like resins (terpenoids) and gums (polysaccharides) or are extracted from plants such as oils (triglycerides); others have animal origins such as shellacs (terpenoids) or glues (proteins). Among these various kinds of materials, we mainly focused on resins, widely used by ancient societies, because they exude from multiple tree species of different geographical provenances, leading to different chemical compositions. Identifying them -and therefore their provenance -may be a way to retrace the ancient commercial routes or to collect information for history of art and techniques. Undertaking this kind of study requires extensive collection of reference samples.
Our methodology is based on the CH vibration region on which a set of spectral treatments was applied, from baseline subtraction to spectral decomposition. Multivariate analyses were then done on the treated data to differentiate into clusters the organic natural materials. Studies involving Principal Component Analysis (PCA) on diverse spectroscopic data were already done on different types of samples and with different aims: material recognition [8, 13, 31, 32] or identification of a compound in a mixture [33] . We here focused on the ability of these analyses to cluster samples with similar vibrational characteristics. Since these spectroscopic features refer to particular vibrations in specific molecular environments, new discriminating criteria for material recognition were established.
In order to validate this methodology and the established criteria, a set of archeological artefacts already identified as copal by IR and separative methods [34] was analyzed. Besides, natural organic substances may undergo many natural modifications, as for the studied archeological copals which surfaces present different aspects or alteration states. These transformations may then hamper their identification. In order to determine if ageing or alteration is really an obstacle to the discrimination of materials, the external parts of the archeological samples were analyzed using the same procedures.
Finally, using PCA, these alteration degrees were quantified by determining specific degradation criteria.
We thus propose in this paper a new non destructive methodology based on an advanced multivariate analysis focused on CH vibration region of the spectra. It allows a simple, rapid and robust persuasive identification of natural organic substances, sometimes at the scale of the tree species. Furthermore, this method has been shown to be efficient for archeological samples and thus in case of aged and altered resinous materials. Table 1s ). We mainly focused on the terpenoid resins (26 of the 37 references), and among our corpus, three subfamilies can be sorted: diterpenic resins (copal, sandarac, kauri, colophony, Venice turpentine); triterpenic ones (dammar, elemi, mastic, frankincense) and shellacs made of sesquiterpenoids, fatty acid derivatives and anthraquinone dyes [35] . It is important to note that the di-or triterpenoid proportion is generally a minor part of the resins, the major one being the polymerized fraction [36] .
Among this corpus, the colors are quite various: from a light yellow (as arabic gum) to a dark red (as shellac cherry). These substances were also analyzed in different forms (supplementary Table 1s ). For example, the oils were analyzed in their raw liquid form and applied as varnishes (dry films) as well. These films are considered as transformed samples since they are exposed to oxidation and polymerization [37] .
Archeological samples
Ten samples of archeological copal from the medieval site Sharma (Yemen) [38, 39] have also been analyzed. They have already been identified by separative techniques as eastern African and/or Madagascar copals [34] . These raw fragments of copal have a same hard and transparent bulk but different surface states and colors: from yellow fragments with a thin dry surface, to orange fragments with a flakedoff surface and finally red fragments with a thick and very friable surface. This difference in the aspect might be related to different surface conservation states. Adding this set of already studied copals is a way to evaluate the representativity of the reference materials and to assess the developed methodology on ancient samples. Moreover, the different surface alteration states of these archeological fragments should provide information about the impact of the materials degradation on their recognition and discrimination. For these archeological copals, a specific sampling procedure was applied: the internal and external parts of each fragment were separately analyzed to take into account their heterogeneity.
Instrumentation

Raman spectroscopy
FT-Raman analyses were performed using a near infrared excitation at 1064 nm provided by an Nd-YAG laser diode coupled to a Bruker RFS 100/S spectrometer based on a Michelson-type interferometer, and equipped with a liquid nitrogen-cooled Ge detector. The reference materials were recorded using a macroscopic interface equipped with a 901 collecting mirror allowing the objects to be placed on a horizontal surface. The laser nominal power was of 500 mW (400 mW at the sample) and the spot size about 100 mm. For the archeological samples, a microscope interface was used with a 40x objective, allowing a spot size of 30 mm approximately, and a power at the sample of 250 mW (maximum nominal power of 500 mW).
For the two interfaces, reference fragments and archeological samples were analyzed in their raw form without any contact and no damage or heating of the materials was observed. Reference materials and archeological samples were placed on a gold mirror to improve the collected Raman signal intensity. Spectra were recorded between 3500 and 50 cm −1 with a 4 cm −1 resolution and 1500 scans to optimize the analysis time and the signal-to-noise ratio.
Infrared spectroscopy
Micro-infrared spectroscopy analyses were performed in an Attenuated Total Reflectance (mono-ATR) mode using a Bruker Equinox 55 spectrometer coupled to an IRscope II microscope equipped with a liquid nitrogen-cooled MCT detector. A 20x ATR objective was used. It is equipped with a Germanium crystal (mono reflection) working whether in a visual mode for choosing the area to analyze, or in an IR mode for the measurement. This crystal needs a contact with the analyzed object, and depending on the material hardness, it can lead to some damage. 200 scans were accumulated between 4000 and 600 cm −1 with a 4 cm −1 resolution.
Data processing
In order to establish new discriminating criteria for the studied substances, a specific methodology based on the bands morphology and profile, and involving multivariate analyses was set up. It can be described as follows. The first step consisted in choosing the most appropriate spectral region to process. Although the most specific bands are located in the fingerprint region (200-1800 cm ) of the spectra, they are weak especially for Raman and therefore most likely to disappear or be modified in case of a bad signal-to-noise ratio; with also further complication to study band profiles (Fig. 1) . However, the CH stretching vibration band in the 2900 cm −1 area is the most intense region on the Raman spectra, and always intense on the IR ones. Moreover, a detailed comparison of the materials spectra ( Fig. 2) shows some differences between the CH bands shapes. This spectral region was thus chosen for data processing. This operation consists in a set of spectral treatments. First, the CH region was extracted (Raman spectra were cut between 2730 and 3185 cm ), and a linear baseline was subtracted. The second important step was the spectra normalization. Indeed, all the analyzed materials were not of the same size or thickness and in order to get rid of this analytical parameter, the cut spectra were all scaled to the same intensity. Then, a more thorough step consisting in a spectral decomposition of the CH stretching region using home-made software was established. The decomposition procedure was first defined according to several parameters: the number of bands and their position (P), the area (A), the full width at half maximum (W) and the profile (K) of each decomposition band (Gaussian/Lorentzian). The number and initial positions of the bands were determined by calculating the second derivative of the massif for each spectrum (Fig. 3) . Each minimum indicates the position of a band (Fig. 3 a, b) . The positions are manually read at the minimum of each band. It can be noticed that for the archeological copal, the internal and external sampling CH stretching regions present the same number and band positions. The different parameters are introduced to the ASREL software: the bands positions P are entered according to the second derivative minima's values; W has an arbitrary initial value of 10 cm −1 (viable value for a molecular vibrator) and is constrained to positive values, K has an initial value of 0.5 and is confined between 0 (Gaussian profile) and 1 (Lorentzian profile), and finally A is just limited to positive values. Concerning the fitting procedure, it is based on a least squares method which adjusts the band parameters to fit the experimental spectrum. Finally, multivariate analyses were performed using PCA calculation (Statistica software, StatSoft). These calculations were performed at two different stages of the methodology after standardizing the variables. As a first approach, and as nowadays commonly proposed in many spectroscopic softwares, we considered the treated spectra (before decomposition) as variables in Principal Component Analyses (PCA). As a second approach, the fitting parameters (band positions P, full width at half maximum W, area A, and profile K) were considered as variables in PCA. All the PCA score plots are presented on the two first principal components (PC); the following PCs do not show a more significant separation between the different items. More detailed explanations are presented within the results part (3.2 and 3.3 paragraphs).
Since Raman spectroscopy can be implemented as fully non destructive, we chose to mainly comment the Raman treatment procedure and results (figures describing the IR results can be found as Supplementary information).
Results and discussion
General remarks
Representative Raman spectra of the four chemical families of the corpus are presented on Fig. 1 . All these organic compounds present comparable functional groups, leading to similarities in their vibrational signatures. Specific features can however help distinguishing among them [10, 22, 40] . On Fig. 1 , a broad Raman band at 3250-3270 cm −1 assigned to the stretching vibration of the OH groups [6] is present for glues and gums (Fig. 1a and b) , but absent from oils and resins (Fig. 1c-f) . Then, a weak band at . Spectrum (g) shows some spectral modifications regarding spectrum (f). It reflects the ageing or degradation of copal between its internal "fresh" sample and its surface sample. The symbol * refers to the bands which are discussed in the text.
1742 cm −1 attributed to the CQO stretching is present on the oils IR spectra as well as on the resins IR spectra but shifted to 1710-1720 cm −1 [7, 16] . Finally, concerning the resins, a band at 3060 cm −1 assigned to the stretching vibration of the aromatic or olefinic CH groups [6] is present on the shellacs spectra (Fig. 1d) .
This characteristic band appears also on the diterpenoid resins spectra (Fig. 1f) at 3080 cm −1 , but is absent from the triterpenoid resins ones (Fig. 1e) . This weak feature is thus a useful criterion to distinguish between the di-, triterpenic resins and shellacs groups. However, one major problem is that all these specific features may decrease, be shifted or broadened with ageing or degradation [41, 42] or if these media are part of a mixture [32] . On Fig. 1 the spectrum in (g) is a surface sampling of the archeological copal in (f). For example, in (g), the band around 1650 cm −1 is broader and decreases, and the CH stretching region (around 2900 cm −1 ) is less structured than in (f). Using simple spectral features to differentiate between the media could be therefore compromised when some alteration is involved. This underlines the necessity of a more detailed spectra exploitation. The methodology described in paragraph 2.3 was applied to all the reference materials and to the archeological copals, whether internal or external samples. Concerning the Raman results, the decomposition step ended up with altogether 10 Raman bands, which were present or absent depending on the material. Table 1 is a summary of the 10 Raman bands, and indicates the materials for which they are present/absent. The 10 groups of bands were defined with an arbitrary step of 20 cm
. Each group is constituted by the major vibrational contributions of CH bond in different functional groups, and/or different structural environments. Bands 1, 4, and 5 are mainly related to CH 2 groups; bands 2, 6, and 7 to CH 3 groups and bands 3 and 8 to CH groups in respectively aliphatic and cyclic groups. Finally, bands 9 and 10 are related to CH or CH 2 in aromatic or vinyl groups. The presence or absence of band summarized in Table 1 is thus already a discriminating criterion between materials, since it reflects the CH region morphology.
Concerning the archeological samples, the spectra adjustments are different between the internal part and the altered surface part. In a general way, for the external samples, the bands get broader (W is higher for the surface samples), their profile tends towards a Gaussian one; and some bands' intensity decreases significantly. Band number 10 almost disappears for some archeological copals (the red ones). It is related to CH bonds in vinyl groups which may be transformed (oxidized) during alteration processes [41] .
Raw spectra and multivariate analyses
In order to determine new discriminating criteria for the organic substances, multivariate analyses were carried out on the reference materials as described in paragraph 2.3. The results of PCA calculation using the CH spectral region data points as variables with a 2 cm −1 step are presented Fig. 4 . It illustrates the distribution of the 37 reference materials on the PC1 and PC2 score plot. The glues can form a cluster thanks to the PC1 (negative contribution); the oils are all on one side of the PC1 (between 10 and 20). However, the resins are much dispersed and seem to be hardly separated with PC1 but quite sorted with PC2. Most of the triterpenic resins have a negative contribution on PC2 and the diterpenic are from 0 to 15 on PC2. However, this is insufficient to consider that the different materials are well sorted or clustered. Indeed, some samples are quite dispersed: for example pine resins (colophony and Venice turpentine) and others are clustered but among other materials; for instance frankincense samples are "mixed" with the diterpenic resins. Moreover some of the reference samples are processed: for example, two samples of colophony are in a raw form and one is a colophony varnish, same for the oils, which explain the oils dispersion. Material transformation or alteration is consequently an obstacle to a good clustering when the variables for PCA are spectra data points. In this PCA calculation, the loading plots are directly related to the wavenumbers. They indicate the spectral features that have an important contribution to the principal components, in other words, the ones which influence the score plots. Fig. 2 shows the loading plots of PC1 and PC2 and the Raman CH stretching region of five samples representative of the different chemical families. A high contribution of the 2845-2910 cm −1 region (A on Fig. 2 ) to PC1 underlines its important role in the exploited variance. This might be related to the high intensity of the oils spectra in this region (high PC1 contribution on the score plot on Fig. 4 ) and the weak intensity of the glues spectra (very low PC1 contribution on the score plot on Fig. 4 ) for instance. Around 3080 cm −1 (B on Fig. 2 ), one feature specific to the diterpenic resins spectra has a positive important contribution to PC2 and a low and negative contribution to PC1. This can explain the distribution of the diterpenic resins on the score plot. Another point that can be highlighted is the important contribution to both PC1 and PC2 of the 2740-2800 cm −1 region and the 3100-3184 cm −1 region (C on Fig. 2 ), where no band appears. This is due to the spectral noise which introduces high variance in a non-specific spectral region, and can explain the globally weak clustering of the samples on the PCA score plot.
Decomposition parameters and multivariate analyses
Thus, we chose to undertake PCA treatments using other variables: the 4 fitting parameters (band positions P, full width at half maximum W, area A, and profile k) of the 10 bands as 40 variables. The reference materials can be easily clustered into groups (Fig. 5) : oils are found in the upper right quadrant of the score plot, glues with a PC1 around zero and with a negative (−4) PC2. The resins have however a particular behavior: diterpenic resins can be separated into 3 groups: Manila copal, sandarac and Kauri resin in one group (bottom left quadrant of the score plot), colophony and Venice turpentine in a second group in the upper left quadrant of the score plot and finally, in the same area but clustered as well, the African and/or Madagascar copals. Triterpenic resins are quite dispersed and are almost sorted: elemi is on the top right quadrant of the score plot; mastic is in the bottom right quadrant of the score plot but mixed with the shellacs. Dammar and frankincense are with a PC1 around zero and a negative (−3) PC2. Resins seem to be grouped according to the tree species from which they exude. Indeed, colophony and Venice turpentine derive both from Pinaceae family with major components abietic acid and its degradation products and isopimaric acid [43] . Sandarac comes from Cupressaceae trees and Manila copal and Kauri from Araucariaceae species [44] . Despite this difference, they have same important components in common, such as communic acid and sandaracopimaric acid [36] . Finally, African copals are from the Leguminosae or Fabaceae family with large amounts of copalic acid and ozic acid [35] .
In order to determine which variables are the most involved in the clustering of the samples on the score plot, we can represent the variables projection (Fig. 5) on the PC1 and PC2 space. A variable is considered as influent if its norm projection on the PC axis is high. For example, the fitting parameters of bands 8 and 10 have an important negative contribution to PC1, and the fitting parameters of band 7 have an important positive contribution to PC1. This can explain for example the distance between the oils and the gums on one side and the African copals and pine resins on the other side. Indeed, bands 8 and 10 are absent from oils and gums spectra and band 7 is present (Table 1) , whereas it is the opposite for pine resins and African copals. A deeper look at this figure shows that the fitting parameters of each band are globally grouped altogether. The most important parameter is therefore more the presence of a decomposition band than its profile. It is thus necessary to add a spectral decomposition step, which goes deeper in the morphological analysis of the CH stretching region, in order to obtain a good clustering depending on the chemical families and/or geographical origin of the tree species. Working on the morphology of the CH spectral region can be sufficiently informative if the treatment procedure is well defined. Indeed, choosing the correct number and position of bands for the spectral decomposition is a critical point to get a relevant description of the spectra morphology. Concerning the IR analyses, the spectra decomposition also led to 10 bands. The PCA results on the reference corpus are presented on supplementary Figs.s 1s and 2s. The different chemical families are separated but with less accuracy than for Raman. However, the IR results can be considered as complementary or validating data, as they can ensure the classification proposed by the Raman results or be the key issue in the discrimination of some families. Indeed, some materials are quite close on the Raman score plots but well separated on the IR ones, as for example the glues and frankincenses, or the mastics and shellacs (supplementary Fig. 2s ).
Discriminative criteria have been well established on a reference set of materials, but still need to be validated with a wellknown corpus of cultural heritage artefacts. For this purpose, the archeological copals were added to the PCA calculation. As seen before, it is more accurate to proceed with the fitting parameters as variables for PCA. The archeological copals were treated as supplementary items, in other words, they did not take part in the calculation, and were just projected on the score plot according to their variables values. Fig. 6 shows the score plot of the 57 items: all 37 reference materials and 20 archeological copals: 10 internal samples and 10 surface samples. The archeological copals are all grouped with the African/Madagascar copals on the top left quadrant of the score plot. This result validates, on one side, the hypothesis of a previous study [34] saying that the copals, although found in Yemen, are from Africa eastern coast and/or Madagascar; and also validates the efficiency of our discriminating criteria.
Material alteration
Another challenge was to determine if the materiel alteration has any impact on its recognition. The archeological copals are, in this case also, good testing samples since their surface presents more or less alteration. On the PCA score plot (Fig. 6) we can notice that the surface samples are in the same cluster than the internal samples, as for the IR results (supplementary Fig. 3s) . Moreover, other transformed materials, for example linseed and poppyseed oil films, are as well in the oils cluster with a PC1 of 6 and a PC2 around 2 (Fig. 6) . Ageing or alteration does not seem, to a certain extent, hinder the material identification.
Multivariate analysis can though be applied for other purposes than just clustering items. It is possible to evaluate the material conservation state using PCA. Indeed, the Raman spectra fitting parameters of the external parts of the archeological copals were considered to PCA (Fig. 7 ), The variables behavior was then studied, and specific criteria that sort the samples depending on their surface degradation state could be extracted. On Fig. 7 we can observe that the samples are well sorted thanks to PC1. Indeed, on the negative side of PC1 we have all the red copal samples whereas on the positive side we have the yellow copal samples. Thus, PC1 contains a sufficient part of the exploited variance to separate the two groups of copals. Fig. 7 also describes the projection of the variables obtained after the PCA calculation. The full width at half maximum of bands 5 and 10 (W5 and W10) are correlated variables which have an important contribution to PC1, and which are significant in terms of structural interpretation. As seen before, band 10 is assigned to the vibration of CH vinyl groups and decreases with alteration. So if we plot the items on the base of these two variables, we obtain a chart that sorts the samples according to an axis, represented by an arrow on Fig. 8 .
If we add an internal part of an archeological copal to this graph, it gets placed in the very beginning of the arrow. This axis can thus be considered as an alteration index to qualify the degradation state of each sample, with the internal sample as a reference (unaltered) point. Indeed, all the yellow copals are in the first half on the axis and the red ones on its second part. The first assumption that the samples color is related to the alteration degree is here satisfied. More generally, screening a larger corpus of samples, whether naturally altered or artificially aged, can lead to a more complete calibration tool which can be useful for the diagnostic of the conservation state of a wide range of natural organic substances. Moreover, the difference in the copals surface aspect can inform about the transformations they might have 6 . Score plot of PC1 and PC2. Variables: 40 fitting parameters of the Raman CH bands, items: 37 reference samples+20 archeological copals (10 internal and 10 surface sampling). The archeological copals are grouped with the African copals. Moreover, the internal (IS) and external samplings (SS) are in a same group demonstrating that ageing is not, to a certain extent, an obstacle to the material recognition.
undergone, or the archeological environments they were exposed to, or even the geological sources they come from (fossil resins for example).
Conclusion
The aim of this study was to develop a methodology that can distinguish between natural organic compounds using their Raman and infrared spectra and that goes beyond a simple logic of "presence or absence of bands". These two spectroscopies should be used jointly because they are complementary in terms of vibrational responses and molecular interpretations but also in their implementation.
The morphology of the CH stretching region appears to be very informative, but its description requires a multivariate approach. The more relevant parameters are the ones that are related to the molecular structures, hence, the ones extracted from the spectral decomposition. Multivariate analyses were performed on these parameters and new criteria independent of the material conservation state were obtained, that can discriminate between different chemical families, but also between different geographical provenances of terpenoid resins allowing the reconstruction of ancient commercial routes, or providing information for history of art and techniques. In order to apply the proposed methodology, a representative spectral database of natural organic substances is needed. As shown for the archeological testing samples, the multivariate analyses should be performed considering the unknown sample as a supplementary item, and its identification would be deduced from its position on the score plot.
All the presented results demonstrate the high potential of this newly developed methodology more especially as it involves non destructive or non invasive analytical techniques. It could find applications in various contexts (archeology, museum context, conservation purpose) and for a wide range of organic materials as varnishes, binders or adhesives. 
